###### Strengths and limitations of this study

-   In this high-volume cervical cancer screening study 480--980 women per day self-swabbed for human papillomavirus (HPV).

-   Swabs were tested for high-risk HPV (hrHPV) with the careHPV testing system.

-   The careHPV system, which relies on signal amplification technology, may be less sensitive than PCR-based systems to detect ≥ cervical intraepithelial neoplasia (CIN) 2 lesions on self-swabs.

-   Digital colposcopy, using a new, handheld digital colposcope with advanced optics, was performed on hrHPV+ women.

-   Cryotherapy was performed on women with lesions suspicious for CIN1 and loop electrosurgical excision procedure was performed on women with lesions suspicious for ≥CIN2.

Introduction {#s1}
============

Cervical cancer is the leading cause of cancer deaths in women of the developing world.[@R1] The development of screening and treatment modalities, as well as primary prevention mechanisms, have dramatically reduced the incidence of and mortality due to cervical cancer in developed nations. Accordingly, up to 85% of the disease burden thus lies in developing nations.[@R2] Currently, there are no national cervical cancer screening programmes in China and only 10%--30% of Chinese women report having ever had cervical cancer screening.[@R3] As a result, China carries both a high incidence of cervical cancer, of approximately 15.3/100 000, and a mortality rate of 4.57/100 000.[@R4] Recent estimates suggest that the number of new cervical cancer cases in China in 2014 was over 102 000, with over 30 400 deaths.

Human papillomavirus (HPV) is the most common sexually transmitted infection worldwide, with a prevalence rate of 11%--25%, and accounts for virtually all cases of cervical dysplasia and cancer.[@R5] The prevalence of HPV varies among different ethnic and geographical regions. In China, the prevalence and genotype distributions of HPV are well documented. HPV genotypes 16, 18, 52, 58 and 59 are the most common strains among Chinese women, with differing distribution rates throughout the country.[@R7] In general, women living in rural areas are less likely than urban-dwelling women to report ever having had a Pap test,[@R3] and mortality rates from cervical cancer are up to 48% higher in rural areas.[@R10]

Yunnan Province is a geographically and ethnically diverse region in south-west China, with a population of over 42 million.[@R11] Yunnan is a relatively underdeveloped province, and at the time of our visit, contained several poverty-stricken counties.[@R12] It is estimated that the prevalence of high-risk HPV (hrHPV) within the Yunnan Province ranges from 7.1% to 27.4% which is highly dependent on the ethnicity of the women tested.[@R13]

Due to the level of development, complex geography and dispersed population across the rural parts of majority of Yunnan Province, the conventional, multistep screening process for cervical cancer is not feasible. The traditional process of screening with cytology (pap smear), colposcopy, biopsy and subsequent treatment of women diagnosed with cervical dysplasia is too resource-intensive for low-income regions. Accordingly, less burdensome techniques such as HPV testing have been studied as screening techniques in low-resource settings.[@R14]

Digital colposcopes are highly portable and allow for the capture of high-resolution digital images. These images can allow for magnified visualisation of surface morphology of the cervix, especially suspicious areas. Studies have demonstrated its accuracy and ease of use in resource-poor settings.[@R16] The enhanced visual assessment (EVA) (MobileODT, Israel) system is one example of a digital colposcope that uses the advanced optics found in Android smartphones that are quite common, even in low-resource countries ([figure 1](#F1){ref-type="fig"}).
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Cervicovaginal HPV DNA testing is a reliable test for the detection of high-grade cervical intraepithelial neoplasia (CIN).[@R14] While typically used in conjunction with a Pap smear for traditional cervical cancer screening, the accuracy and high sensitivity for the detection of cervical dysplasia of HPV DNA testing have led to various studies investigating its use as a stand-alone screening strategy in low-resource settings.[@R14] Studies have demonstrated that healthcare provider-collected cervical HPV samples are significantly more sensitive and carry only a slightly lower specificity for the detection of high-grade CIN than conventional cytology.[@R20] Additionally, HPV DNA test swabs can be obtained by the patient alone ('self-sampling' or 'self-swab'), thereby eliminating the need for a skilled provider and equipment to perform a pelvic exam. This can allow for a large number of women to be screened in a relatively short amount of time. In a recent meta-analysis, the sensitivities and specificities of patient self-sampling compared with those collected by physicians for detecting HPV were comparable (74% and 88% vs 81% and 90%, respectively).[@R21] Furthermore, many studies implemented in various international regions show that the majority of women screened by the self-swab method are willing and able to perform the test.[@R23]

The careHPV testing system (QIAGEN, Maryland, USA) is a simple, low-cost, semiportable and robust method for HPV testing, and a new, more economical variant of the traditional Hybrid Capture 2 System that was designed to work in low-resource settings and has been approved by the Chinese FDA (U.S. Food and Drug Administration).[@R19] The careHPV system can run 90 specimens in approximately 3 hours at the cost of approximately US\$5 per test.[@R26]

The aim of this study is to demonstrate that self-swab HPV testing and digital colposcopy can be combined to create a rapid, high-volume, cervical cancer screening strategy that can be used in the rural regions of China.

Methods {#s2}
=======

During a 6-day period in July 2018, 3600 Chinese women aged 35--65 years were screened at three different medical clinics in Kunming Municipality, Xundian County, Yunnan Province. Local health officials recruited potential patients for this study from a list of women registered in their county who had not received prior cervical cancer screening. As such, this represents a non-randomised, convenience sample of study participants. Between 480 and 980 women were screened per day. The majority of the women screened were ethnically Yi, Hui, Dai and Han.

After obtaining written informed consent, the subjects received a brief explanation of HPV and its consequences, as well as instructions on how to obtain a self-sampled vaginal specimen. The specimens were obtained with a vaginal brush designed to work with the careHPV system (careBrush) and then inserted in a tube with the collection medium. Patient-collected samples were then processed on-site by four careHPV machines running simultaneously. All women positive for hrHPV+ results were contacted via cellphone and returned the same day or the following day. Digital colposcopy was then performed with the EVA system after the application of acetic acid for at least 90 s. Colposcopy was performed by one of four physicians. Thin acetowhite lesions were considered positive and suspicious for CIN1 lesions. Thick acetowhite lesions, rapidly appearing lesions, lesions with course mosaicism or punctuation, and lesions with sharp borders were considered positive and suspicious for ≥CIN2 lesions.[@R27] If no acetowhite changes were visualised the patients were counselled of the findings and instructed to seek follow-up with the appropriate provider in 1 year if possible. The EVA system was then used to obtain digital images (1--3 images per patient). If digital colposcopy was positive for cervical abnormalities, the patients underwent cervical biopsy and then they were triaged to one of two possibilities: (1) Cryotherapy was performed the same day when findings were suspicious for CIN1 lesions. (2) A loop electrosurgical excision procedure (LEEP) was performed the same day when findings were suspicious for ≥CIN2. If the transformation zone was not fully visible on digital colposcopy, endocervical curettage (ECC) was performed and patients were subsequently contacted by local health authorities for appropriate treatment.

Throughout the screening and treatment process, local doctors and nurses were taught colposcopy techniques and received training to evaluate digital colposcopy images. Additionally, all patients were given their results of the HPV tests and colposcopy. Patients were counselled regarding HPV prevention and transmission. Patients with suspected low-grade lesions (CIN1) (who were treated with cryotherapy) were counselled to have repeat HPV testing in 1 year, and those with high-grade lesions (≥CIN2) were later contacted with the results of their LEEP and were counselled to follow-up at the regional hospital for appropriate management.

Patient and public involvement {#s2-1}
------------------------------

Immediately after self-swabbing, 600 women were interviewed regarding their understanding of the instructions and their comfort level obtaining the self-swabs. These data will be reported in a separate publication.

Results {#s3}
=======

A total of 3600 women, aged 35--65 years, were screened by four physicians in 6 days. The mean age of all women screened was 50.2 years old. Two hundred and sixteen of the 3600 women were hrHPV+ (6.0%). Of these 216 women, 168 (77.8%) underwent digital colposcopy. Of the remaining 48 hrHPV+ women (22.2%), 36 chose to follow up at a regional hospital because they were unable to immediately return for colposcopy within 24 hours and 12 refused further evaluation. Of the women who underwent digital colposcopy, 23 were positive for suspected CIN1 (13.7%) and 17 were positive for suspected ≥CIN2 (10.1%). In 26 patients digital colposcopy could not adequately evaluate the entire transformation zone (15.4%) and ECC was performed in these patients. One patient with advanced cervical cancer was sent to a referral medical centre and one woman chose to have LEEP performed at a regional medical centre. Twenty of the 23 biopsies performed on the women suspected of having CIN1 confirmed this diagnosis (87%), whereas one showed CIN2 (4.3%) and two were negative for dysplasia (8.7%). Of the 16 women who were suspected to have ≥CIN2 lesions on digital colposcopy, ≥CIN2 pathology was confirmed in 15 (93.8%), with 10 CIN2 (62.5%) and 5 CIN3 (31.3%) ([figure 2](#F2){ref-type="fig"}). ECC identified three additional women with CIN2 who were contacted for further treatment ([figure 3](#F3){ref-type="fig"}).
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Discussion {#s4}
==========

As the success of cervical cancer screening programmes have dramatically decreased the rates of cervical cancer in developed nations, the global burden of this disease falls in areas of limited resources. It is estimated that the number of women aged 35--64 years in rural China exceeds 150 million.[@R28] As the vast majority of these women has never been screened, modalities must be developed that allow for the screening and treating of large numbers of women. We propose a screen-and-treat model that is low-cost, rapid and capable of being implemented on a large scale, as evidenced by the ability to screen 3600 women in less than 1 week. We have previously described a similar strategy for cervical cancer screening among Cambodian women.[@R19]

The first component of this model consists of self-obtained HPV specimens for rapid testing. Prior studies have demonstrated that self-sampling has a higher sensitivity than Pap smears in detecting ≥CIN2 lesions and are only marginally lower in sensitivity than physician-obtained cervical specimens.[@R21] It would be practical for women in China to obtain self-collected HPV specimens, which would then undergo testing. Rapid, same-day testing is useful because it can decrease loss to follow-up which can be highly problematic because of geographical and transportation issues in rural regions of China. The problem of loss to follow-up was illustrated even in our same-day screen-and-treat study as 36 of 216 (16.67%) hrHPV+ women were unable to return for same-day colposcopy and 16 of the 36 women never followed up at their regional medical centre.

The highly portable careHPV system is capable of running 90 samples in approximately 3 hours, at a cost of approximately US\$5 per test. A newer PCR-based HPV testing system has been developed in the 2 years since our screening campaign was performed (Ampfire, Atila Biosystems, California, USA). This new, highly portable, PCR-based system is even faster than careHPV, taking only 1 hour to run the equivalent number of specimens, is less labour-intensive, does not require storage of specimens in liquid media, does not require refrigeration of the swabs and is able to identify specific hrHPV genotypes.[@R29] Additionally, PCR-based systems are significantly more sensitive for detecting hrHPV+ on self-swab specimens than older hybrid capture (signal amplification) based systems.[@R21] Regardless of the type of system used, rapid testing is a critical aspect of this model as it allows for same-day treatment.

The second component of this proposed model is to perform digital colposcopy on all hrHPV+ women with a highly portable system, such as the EVA system used in this study. Given the huge number of women in China who have never been screened as compared with the number of physicians available, digital colposcopy can be performed by mid-level providers such as nurses or midwives who have had adequate training. Digital images obtained have excellent resolution and areas of question can be magnified for better interpretation ([figure 2](#F2){ref-type="fig"}). In addition, captured images can be used for continued education of mid-level providers, and the images can be sent electronically, through a secure, cloud-based portal, to an expert colposcopist for consultation of difficult cases.

Previously, Newman *et al* described a cervical cancer screening strategy that combined HPV testing with digital colposcopy using the Gynocular system (Gynius AB, Sweden).[@R31] Their study, also performed in the Yunnan Province, was different in that physicians obtained the HPV swabs and then immediately performed digital colposcopy. Their HPV swabs were sent out to a regional medical centre. Additionally, they did not follow a see-and-treat approach and based their treatment on biopsies obtained during the colposcopy.

The third component of this screen-and-treat model is to use the clinical impression obtained from the colposcopic images to determine immediate and appropriate treatment. As shown in this study, the images obtained with digital colposcopy are able to accurately distinguish between CIN1 and ≥CIN2 lesions. Of the 16 ≥CIN2 pathologically confirmed lesions, 15 were identified as ≥CIN2 on digital colposcopy. Women with suspected CIN1 lesions could be treated with cryotherapy or thermocoagulation and those with suspected ≥CIN2 lesions could undergo a LEEP procedure. While biopsy-proven CIN1 lesions do not need to be treated, in screen-and-treat programmes such as these where the diagnosis is not confirmed with pathology, the WHO recommends that these women undergo an ablative procedure.[@R32]

The current WHO guidelines for low-resource settings, such as rural China, conditionally recommend using a strategy of screening with HPV testing followed by visualization with acetic acid (VIA), over screening with an HPV test followed by colposcopy. The guidelines further recognise that this conditional recommendation is based on 'very low quality of evidence'.[@R32] WHO guidelines justify this by stating that 'there may be more resource implications with colposcopy due to increased training of providers, quality control, waiting time, and the potential for more women to be lost to follow-up'.[@R32] These recommendations were made prior to the advent of high-quality, portable, digital colposcopes such as the system used in this study, which does not carry these limitations. Moreover, WHO guidelines acknowledge that there may be fewer ≥CIN2 recurrences with the HPV test followed by colposcopy without biopsy, as well as fewer cervical cancers, and fewer deaths than with an HPV test followed by VIA. As such, this study, and previously performed studies, suggest that WHO guidelines could be modified in countries with the necessary resources to favour digital colposcopy over VIA after HPV testing.[@R19]

Our proposed screening strategy also slightly differs from current WHO recommendations of using cryotherapy as the primary treatment modality in all screen-and-treat protocols that do not have diagnostic histology.[@R32] The WHO recommends that for screen-and-treat programmes LEEP should only be used in lesions that occupy \>75% of the ectocervix or when the lesion extends into the cervical os. Additionally, the WHO also currently recommends either LEEP or cryotherapy in women with histologically confirmed ≥CIN2 but acknowledges that the overall benefits may be greater with LEEP because it is probable there is less recurrence of dysplasia with LEEP as compared with cryotherapy.[@R33] We propose that in screening campaigns that are able to use high-quality digital colposcopy, LEEP can be performed in colposcopically suspected ≥CIN2 (without waiting for histopathological confirmation) as this study and a prior published study using EVA demonstrated that colposcopic impressions were accurately able to distinguish between CIN1 and ≥CIN2.[@R19]

Strengths and limitations {#s4-1}
-------------------------

Overall, the main strength of our study is that it demonstrated the ability to screen and treat 3600 women in a less than a week with only four skilled providers. Additionally, it demonstrated the usefulness of handheld digital colposcopy in differentiating between CIN1 and ≥CIN2 lesions.

The main limitation of our study was the observed prevalence of hrHPV infection of only 6.0%. This rate is somewhat lower than those previously observed for eastern areas in Yunnan Province, which demonstrate a range from 8.3% to 11.6%, depending on both location and ethnicity of the study subjects.[@R34] There are several possible explanations for this finding. First, the careHPV system uses signal amplification technology that is less sensitive than PCR-based systems that have been used to determine the aforementioned prevalence rates.[@R21] Second, as mentioned previously, self-swab specimens of the vagina have been shown to be less sensitive than provider-obtained specimens. A study by Belinson *et al* of more 2600 women in Shanxi Province, China that used the careHPV system demonstrated that self-swabs were able to detect 80.9% of ≥CIN2 lesions whereas provider-obtained endocervical swabs detected 97.9%.[@R36] Third, the mean age of patients screened in this study (50.2 years) was significantly higher than in other HPV prevalence studies. Previous studies have shown that the percentage of hrHPV+ women is lower in this age range than in younger women.[@R37] Additionally, due to menopausal changes, the transformation zone could not be sufficiently visualised in a large percentage of the colposcopies performed during this study. Fourth, the majority of women in this study were of Yi, Hui and Dai ethnicities. The Yi, Hui and Dai are generally considered socially conservative (with potentially less sexual partners) and this may contribute to a lower rate of HPV infection in this population. Previous studies of Dai women in Yunnan Province have shown a hrHPV+ rate of only 7.1% as determined by PCR-based testing.[@R13] It is likely, therefore, that a combination of these factors contributed to our low prevalence rate.

Another limitation of this study is that it was not designed as a cost-effectiveness study. While we know the costs of supplies, HPV testing, specimen processing, and the transportation and housing of the study personnel, there were significant donations in kind (labour of the study personnel, support of local Chinese healthcare workers and facility fees) that would need to be added to calculate the true costs of this screening study. However, the costs of implementing this screening strategy in China would be significantly less per patient than our per patient costs as there would be significant economies of scale that could be implemented to lower the per patient cost.

Conclusion {#s5}
==========

Cost-effective, efficient and large-scale cervical cancer screening strategies are desperately needed in low-resource settings. These strategies must be implemented to screen millions of women in China, and over a billion women in resource-poor countries, who have never been screened for cervical cancer. Our proposed screen-and-treat model that combines high-volume, rapid self-swab HPV testing followed by digital colposcopy has the potential to achieve this goal in the near future and at a relatively low cost. Future studies should examine the use of newer PCR-based HPV testing systems as they are faster, less labour-intensive, easier to use and may increase sensitivity as compared with hybrid capture based systems.
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